Abstract. In generalized, multispecies mutualisms, competition among members of one guild can influence the net benefits that each species in the other guild receives. Hence seasonal factors that affect the dynamics of competition can also affect net benefits, especially if the benefit or cost of mutualism also varies seasonally. In the Sonoran Desert, two common species of generalist ants compete for access to extrafloral nectaries on the fishhook barrel cactus Ferocactus wislizeni, but their relative abundances vary seasonally; one ant dominates more cacti in winter/spring, and the other in summer/autumn. Recently, a third ant species, which also varies in abundance seasonally, has appeared at our study sites and is competing with resident ants for access to cactus nectaries. This empirical system motivated us to examine a metapopulation model of competition for patches in an open system with periodic forcing. We use the model to: (1) illustrate three ways in which competing species may differ in their sensitivities to environmental conditions that are consistent with seasonally displaced patterns of abundance; (2) ask under what conditions the invasion of a third competitor into a two-species system could alter the sensitivity of the system to environmental forcing at low vs. high frequency; and (3) show how differences among competitors in the pattern of seasonal forcing alone can dramatically alter the outcome of a competitor invasion. We discuss implications of these results for the ways in which seasonal variation among competing mutualists, and the benefits and costs of mutualism, may affect the functioning of generalized, facultative mutualisms.
INTRODUCTION
Mutualisms are interspecific interactions in which each species experiences net positive effects. While textbooks often focus on highly specialized, obligate mutualisms between single pairs of species (such as the fig-fig wasp or yucca-yucca moth pollination systems), in the majority of mutualisms (at least nonsymbiotic ones), a suite of species in one guild (e.g., flowering plants) exchanges goods or services with a suite of species in another guild (e.g., most insect pollination systems [Howe 1984 , Waser et al. 1996 , Hoeksema and Bruna 2000 , Vázquez and Simberloff 2002 , Bascompte et al. 2003 ). Two important phenomena may occur in such multispecies mutualisms that render their dynamics fundamentally different than those of pairwise mutualisms (Stanton 2003) . First, species in one guild may differ in the benefits they provide to, or the costs they inflict on, each species in the other guild , Herrera 1987 , Buckley and Gullan 1991 , Morris 2003 . Second, the species in one guild may compete with one another for access to species in the other guild. If both of these 3 E-mail: wfmorris@duke.edu phenomena occur, then whether or not interspecific competition in one guild favors more or less beneficial (or costly) species, as well as the local species composition of the guild, can have major implications for the overall benefits each focal species in the other guild receives.
To better understand the roles that competition and interspecific differences play in the dynamics of generalized, multispecies mutualisms, we initiated a study of the fishhook barrel cactus Ferocactus wislizeni and the suite of ant species that visit its extrafloral nectaries in the vicinity of Tucson, Arizona, USA. Elsewhere, we report evidence that the most common ant visitors at our study sites differ in their ability to protect barrel cacti from natural enemies (Ness et al. 2006) . Here, we focus on the temporal dynamics of interspecific competition between the ants. As we describe below, we have found support for an earlier observation by Barry Sullender (unpublished manuscript) that seasonal variation in environmental factors may play a role in altering the fraction of cacti tended by the two most common ant species. Specifically, one ant dominates a higher fraction of barrel cacti in winter/spring, while the other is more dominant in summer/autumn. Moreover, a third ant species, although a Sonoran Desert native, is currently expanding its range into our study sites and competing with resident ants for access to EMPIRICALLY MOTIVATED ECOLOGICAL THEORY Special Feature barrel cactus nectaries. Visitation to cacti by this novel competitor also varies seasonally.
Competition between members of one mutualistic guild for the rewards or services provided by members of the other guild has commonly been observed (see reviews by Addicott 1985 and Barbosa 2002) . In protection mutualisms, ants have often been found to be a limiting resource for which homopterans (Addicott 1978 , Cushman and Addicott 1989 , Cushman and Whitham 1991 , Sakata 1999 or homopterans and extrafloral-nectary-bearing plants (Buckley 1983, Sakata and Hashimoto 2000) compete. On the other side of the interaction, competition among ants for rewardproducing plants has almost exclusively been studied in myrmecophyte systems, in which plants are obligately dependent on the ants for protection and ants are obligately dependent on the plants for food or shelter. In obligate ant-plant mutualisms, a key question is how multiple ant species can coexist on a single, required resource despite competition (Young et al. 1997 , Yu et al. 2001 , Stanton et al. 2002 , Palmer 2003 . The barrel cactus system, like most antplant mutualisms, is facultative; ants can utilize many resources other than barrel cactus extrafloral nectar, and their absence from nectaries does not imply that they have been excluded from the community. A full understanding of how ant competitors for barrel cacti coexist cannot be achieved by understanding the forces mediating their competition for cacti alone. Nonetheless, indirect effects of ant-ant competition are as relevant for facultative ant-plants as they are for obligate ones (Stanton 2003) . In the barrel cactus system, seasonality apparently exerts an important influence on that competition.
Because the benefits of associating with mutualists may also vary seasonally (e.g., protection against natural enemies may only be needed for part of the year), seasonal changes in competitor abundance that are ''forced'' or ''driven'' by fluctuating environmental conditions may have an important impact on how the mutualism functions (or even whether an interaction is in fact a mutualism). We used the observation of seasonal fluctuations in the relative abundances of resident and invading ant visitors to barrel cactus nectaries to motivate a theoretical examination of how environmental forcing and the invasion of a novel competitor might alter the dynamics of competition. In the following section, we briefly review evidence that ant species compete for access to barrel cactus nectaries, and that ant species show different seasonal patterns of visitation to barrel cacti. We then pose four questions motivated by these empirical observations, which we investigate theoretically in the remainder of the paper.
METHODS

Empirical system
Extrafloral nectaries are found in Ͼ90 plant families worldwide. They attract a variety of nectar-feeding arthropods, most notably ants and parasitic wasps (Koptur 1992, Heil and McKey 2003) . Extrafloral-nectaryvisiting ants have commonly been noted to deter or consume herbivores (e.g., Koptur 1984 , Jaffe et al. 1989 , Cronin 1998 , Di Giusto et al. 2001 , Bruna et al. 2004 , actions that in some cases have been experimentally demonstrated to enhance plant performance (e.g., Rico-Gray and Thien 1989 , Wilmer and Stone 1997 , Oliveira et al. 1999 , Rudgers 2004 . These relationships tend to be highly generalized and facultative, involving a wide diversity of ants with no evident specializations or requirements for obtaining nectar. In this sense, they serve as a useful model for other generalized, facultative mutualisms, including most anthomopteran and many plant-pollinator mutualisms.
The fishhook barrel cactus Ferocactus wislizeni possesses modified spines that exude nectar throughout the year. In the vicinity of Tucson, Arizona, fishhook barrel nectaries are visited by at least 14 species of ants; the three most common, averaged over sites and times of year, are Crematogaster opuntiae, Solenopsis aurea, and S. xyloni. Elsewhere (Ness et al. 2006) we report that these three species differ in their quality as mutualists: barrel cacti tended primarily by S. xyloni during the reproductive period set more fruits relative to their size than did plants tended primarily by S. aurea, and plants tended by S. aurea set relatively more fruits than did plants tended by C. opuntiae.
For two years, we surveyed ant abundance on Ͼ260 individual cacti distributed across three sites at the Desert Laboratory in Tucson, Arizona, USA. The hypothesis that ants compete for cacti is supported by three observations (W. F. Morris, J. H. Ness, and J. L. Bronstein, unpublished data) . First, significantly fewer individual cacti have more than one ant species present simultaneously than would be expected if ant species were distributed at random. Second, when an ant species does co-occur with another ant species on the same individual cactus, significantly fewer workers are present than when that ant species is the sole occupant. Finally, both B. Sullender (unpublished manuscript) and we have observed aggressive, often fatal encounters between workers of different ant species on or near barrel cacti.
Our survey shows two interesting patterns in the barrel-tending ant community at our sites. First, the southern fire ant S. xyloni, although native to the Sonoran Desert, appears to be currently invading the Desert Laboratory and vicinity. At the start of our survey, we did not observe S. xyloni at any of our study sites. Similarly, B. Sullender (unpublished manuscript) never observed S. xyloni at cactus nectaries in a survey he conducted in 1993-1995 at a different site slightly northwest of the Desert Laboratory. We first began encountering S. xyloni at the GR site (which is west of and at a lower elevation than the other two sites) early in the summer of 2003, and by the autumn of 2004, it dominated ϳ70% of the cacti at this site (Fig. 1) . S. xyloni WILLIAM F. MORRIS ET AL. Ecology, Vol. 86, No. 12 FIG. 1. Occupancies by the three most common ant species at three study sites at the Desert Laboratory, Tucson, Arizona, USA, over a two-year period. The order of sites from west to east is GR, UT, and BG. Across all sites, ϳ260 plants were surveyed approximately twice monthly. Typically, at most one ant species was observed on a plant, but when more than one was found, the species with the most workers was considered the dominant species. Fractions do not add to 1 because some cacti were untended or tended by less common ants. To emphasize general trends, fractions were smoothed using a three-survey running average. appeared at the next site to the east (the UT site) in the early autumn of 2004, and was still at low frequency at the time of our most recent survey. We have still never observed it at the easternmost (BG) site. Surveys of sugar and protein baits (J. H. Ness, unpublished data) support the hypothesis that S. xyloni has lately arrived at the UT site and is still absent from the BG site (and not that it is present but choosing not to forage at barrel cactus nectaries). One factor that may be contributing to the spread of S. xyloni is the increased suburbanization that has occurred around the Desert Laboratory as the City of Tucson has expanded. S. xyloni has been reported to be frequent in human-disturbed habitats (Wisdom and Whitford 1981, Hopper and Rust 1997) .
The second obvious pattern in Fig. 1 is that the fraction of barrel cacti tended by each ant species changes substantially during the year as individual cacti undergo transitions from being tended exclusively by one species of ant to being tended by an entirely different ant species. In particular, C. opuntiae is typically more frequent in winter and spring, and S. aurea and S. xyloni are more frequent in summer and autumn. B. Sullender (unpublished manuscript) observed the same seasonal patterns for C. opuntiae and S. aurea over two years. The fluctuation in ant occupancies is not entirely regular; although the two Solenopsis species have always peaked in summer or autumn, and C. opuntiae peaked in winter or spring in 5 of 8 site ϫ year combinations ( Fig. 1 ; B. Sullender, unpublished manuscript), the peak of C. opuntiae was delayed until summer in the year 2004 ( Fig. 1) , perhaps because the winter of 2003-2004 was relatively cool and wet in Tucson. Nonetheless, the principal fluctuations in ant occupancies appear to occur on a time scale of a year or more.
The most parsimonious explanation for the fluctuations in ant occupancy is that one or more processes in the ants' life histories is affected by, and may respond in species-specific ways to, seasonal and perhaps longer term fluctuations in environmental drivers (although long-term fluctuations in competitor densities can also be produced by stochastic environmental variation that is either negatively correlated between species or positively autocorrelated over time [Ripa and Ives 2003] ). In particular, environmental factors may influence four processes that can alter the fraction of plants dominated by each ant species. First, as ant colonies grow, they can expand their foraging territories around occupied cacti to include neighboring plants that are unoccupied. Second, one ant species can displace another from cacti that the second species occupies. Third, colonies may decline in size or even die out at some times of year, thus abandoning previously occupied cacti. Fourth, ants may switch from cacti onto other resources, and vice versa. All of the ant species that visit barrel cactus nectaries are generalists that utilize a variety of resources, including other extrafloral-nectary-bearing plants, honeydew-producing insects, and insect prey, the quality of which may vary seasonally. Thus, abandonment of previously occupied cacti may result simply from the ants switching to another resource, rather than from the decline or death of an ant colony. Conversely, ants may switch from other resources onto barrel cacti at some times of year, thus allowing the fraction of occupied cacti to increase even when no cacti are occupied.
The seasonal fluctuations in Fig. 1 suggest that to understand the factors that determine the outcome of competition between ants, and thus (ultimately) the consequences of that competition for the ant-cactus mutualism, we must assess the role played by environmental forcing. Moreover, seasonal fluctuations have motivated us to ask four general questions about the dynamics of competition and the consequences of invasion in environmentally forced systems. First, what EMPIRICALLY MOTIVATED ECOLOGICAL THEORY Special Feature patterns of sensitivity to fluctuating environmental conditions could result in seasonal displacement of competitors (e.g., ''winter/spring'' and ''summer/autumn'' ants)? Second, why might a system of competitors track only low-frequency (i.e., annual or longer) environmental fluctuations, when higher frequency environmental fluctuations must also occur at many locations (for example, when daily or weekly temperature fluctuations are superimposed on a seasonal pattern)?
Third, under what conditions could the invasion of a novel competitor alter the sensitivity of the system to different frequencies of environmental variation? Fourth, how might differences among competitors in their sensitivities to environmental forcing influence the outcome of a competitor invasion? To address these questions, we analyzed an environmentally forced competition model as described in the next section.
Theoretical approach
We investigated a periodically forced, three-species metapopulation model (cf. Horn and MacArthur 1972) that tracks the fraction of patches (i.e., individual barrel cacti) dominated by each competitor. In a constant environment, the model is
where F i is the fraction of plants dominated by ant species i. (To distinguish them from the frequency of oscillation, we refer to the F i 's as ''occupancies'' rather than frequencies.) In Eq. 1, c i is the rate at which colonies of species i expand around occupied cacti to colonize nearby unoccupied ones, a i is the rate at which colonies abandon cacti they currently occupy, and s i is the rate of switching onto cacti from other resources. The parameter d ij is the net rate at which ant species i displaces ant species j from cacti that species j occupies (i.e., d ij is the difference between the rate at which i displaces j and the rate at which j displaces i; positive values indicate that i dominates j, and negative values that j dominates i). The first term on the right-hand side of (Eq. 1) ensures that if s i Ͼ 0, switching onto cacti occurs even when no cacti are occupied (i.e., when F i ϭ 0) but that switching cannot occur when all cacti are occupied. We refer to c, d, a, and s as the rates of ''colony expansion,'' ''displacement,'' ''abandonment,'' and ''switching,'' respectively, although as we note above, abandonment also could result from ants switching to another resource.
Any of the rates c, d, a, or s may depend on an environmental forcing variable. Here, we will assume the forcing variable to be temperature, which we vary sinusoidally with a minimum on 1 February and a maximum on 1 August to mimic the seasonal pattern in Tucson.
We then allow one or more rates to vary linearly (either positively or negatively) with temperature. Mean monthly precipitation also varies seasonally in Tucson, but as precipitation has two annual peaks (in January and August), while ant occupancies (like temperature) typically have only one peak, we focus here on temperature as the primary driving variable.
We use two approaches to investigate the dynamics of Eq. 1 with periodically varying parameters. First, we obtain the full time-dependent solution numerically using a fourth-order Runge-Kutta procedure. Second, in cases in which only a single parameter varies periodically, we use transfer functions (Nisbet and Gurney 1982) to relate the amplitude of fluctuations in ant occupancies to the amplitude of variation in the driving parameter. Specifically, the matrix equation (Nisbet and Gurney 1982: Eq. 4.3.20 
yields a vector T(), the jth element of which is the value of the transfer function for species j when the angular frequency (i.e., 2 ϫ frequency) of oscillation in the driving parameter z is . In Eq. 2, i ϭ , I ͙Ϫ1 is the 3 ϫ 3 identity matrix, A is the Jacobian matrix of Eq. 1, ␣ is a vector containing the derivatives of the right-hand side of Eq. 1 with respect to z evaluated at the equilibrium values of F 1 , F 2 , and F 3 and the mean value of z, and the Ϫ1 superscript denotes matrix inversion. The magnitude of the complex function T j () gives the ratio of the amplitude of fluctuations in the occupancy of species j to the amplitude of the fluctuations in z, assuming that: (1) the equilibrium is stable, and (2) the fluctuations in z have small amplitude. For the parameter values we have examined, the open system (Eq. 1) has always shown a single, stable equilibrium in the absence of environmental forcing, with all three species at positive occupancies.
An important result from the theory of periodically driven systems is that ''underdamped'' systems may exhibit resonance (Nisbet and Gurney 1982: Section 4. 3). Following a perturbation, an underdamped system returns to equilibrium via a series of damped oscillations. If one of the system parameters is forced to vary at a frequency close to the frequency of the damped oscillations (the so-called ''natural frequency'' of the system), the driving oscillation may be greatly amplified in the population oscillation, a phenomenon known as resonance. A system that has the capacity for resonance will have a transfer function that is sharply peaked near the natural frequency. Without resonance, the system will tend to follow low-frequency oscillations in the environment, and be relatively unrespon- sive to intermediate-or high-frequency driving oscillations. Underdamped systems are characterized by equilibria having complex eigenvalues with negative real part. (In contrast, overdamped equilibria have negative, purely real eigenvalues.) Because complex eigenvalues are in general easier to obtain in three-species than in two-species competitive systems, this raises the interesting possibility that the invasion of a third competitor into a nonresonant two-competitor system could create resonance, and cause the three-species system to oscillate at a different (notably, higher) frequency than the two-species system. However, the mere existence of complex eigenvalues is not sufficient evidence for resonance. Rather, the damped oscillations must be sufficiently persistent that they can be amplified by environmental forcing. A standard measure of the persistence of damped oscillations is the so-called ''coherence number'' n c , which gives the number of cycles following a perturbation before their amplitude is reduced by a factor of 1/e (where e is the base of natural logarithms). A three-species system will have at most two complex eigenvalues (plus a third purely real eigenvalue), occurring as the complex conjugate pair 1,2 ϭ a Ϯ bi, where a Ͻ 0 if the equilibrium is stable. As b gives the angular frequency of the damped oscillations (measured in radians per unit time), their frequency (measured in cycles per unit time) is b/2. The time required for the oscillations to reach a relative amplitude of 1/e is 1/ͦaͦ. Hence the coherence number (frequency ϫ time) is n c ϭ b/2ͦaͦ. Significant resonance requires that n c Ͼ 1 (Nisbet and Gurney 1982) .
RESULTS
Potential mechanisms of seasonal displacement of competitors
Eq. 1 illustrates three mechanisms that can cause competitors to be seasonally differentiated. For simplicity, we consider the two-species model obtained by setting F 3 in (Eq. 1a, b). The first possibility is that only one species experiences seasonal forcing, and the second is driven to fluctuate by competitive interactions with the first (Fig. 2A) . The second possibility is that both competitors have forced rates, but with seasonally opposing patterns of forcing (Fig. 2B ). These two mechanism may be very difficult to distinguish from the patterns of fluctuation alone; seasonally opposed forcing results in only a slight increase in the cycle amplitudes and a slightly more rapid turnover in occupancy between seasons (Fig. 2) . The third possibility is that both species experience the same seasonal pattern of forcing, but that the superior competitor displaces the other species into a ''nonpreferred'' temporal pattern (Fig. 3) . The seasonal pattern that the inferior competitor would exhibit in isolation (Fig. 3A) can be negated (Fig. 3C ) or even reversed (Fig. 3D, E) in the presence of a competitive dominant, as it can only exploit periods that are unfavorable to the other species. Note, however, that the subordinate competitor never attains high occupancy under this mechanism.
Tracking of low-vs. high-frequency environmental drivers in a two-species competitive system
Because at sites with only two dominant ant species, ant occupancy fluctuated at a low frequency of once per year or longer ( Fig. 1; B . Sullender, unpublished manuscript), we asked whether the absence of resonance at intermediate to high frequencies was typical of the two-species version of Eq. 1.
As explained above, resonance would be indicated by complex eigenvalues and coherence numbers Ͼ1. We varied each of the eight parameters (including separate displacement rates for the two species) independently between values of 0.01 to 4 to generate 5 8 ϭ 390 625 parameter sets. The upper end of this parameter range represents much higher rates of transition between occupancy states than we observe in the field. For each parameter set, we determined numerically whether a feasible equilibrium exists, and if so, whether it is underdamped (i.e., has complex eigenvalues), and if so, its coherence number. In 96.7% of the parameter sets, one or more feasible equilibria exist, but only 2.5% of those are underdamped. Two scenarios in which we found underdamping are, first, when one species has a high colony expansion rate and a low displacement rate and the other species has the opposite, and, second, when one species has low rates overall and the second species has a higher displacement rate but also a higher abandonment rate. These scenarios would tend to produce negative frequency dependence in both species, and a tendency to oscillate about an equilibrium. However, this tendency is weak; for none of the underdamped equilibria we found was the coherence number Ͼ1. Thus we expect competitive systems whose dynamics are well described by Eq. 1a, b to track low, but not high, frequency oscillations in environmental conditions.
Invasion of a novel competitor into an environmentally forced two-competitor system
Under what conditions could the invasion of a new competitor cause an overdamped or weakly underdamped two-competitor system to resonate to a higher frequency driving oscillation? We explored this question using the full three-species system (Eq. 1). We arbitrarily set species 1 to be competitively dominant over species 2 (but with a lower colony expansion rate), and then varied the dominance relationships between species 3 and the other two species to create four different competitive hierarchies (see inset in Fig. 4 ). Significant resonance (i.e., n c Ͼ 1) occurs only when the displacement rates among the three species are sufficiently high overall (Fig. 4B, C vs. A) . Moreover, we only observe resonance in the lower right quadrant of Fig. 4 , where a ''rock-paper-scissors'' competitive intransitivity applies (i.e., no one species is the overall competitive dominant, and oscillations about the equilibrium tend WILLIAM F. MORRIS ET AL. Ecology, Vol. 86, No. 12 FIG. 5 . Invasion dynamics of Eq. 1 with a rock-paper-scissors competitive hierarchy. The overall rate of displacement increases from (A) to (B) to (C). The colony expansion rate of species 1 (solid lines) was forced at two frequencies: one cycle per year and one cycle per week, with the weekly cycle having only 20% of the power of the annual cycle. Species 2 (dotted lines) is displaced by species 1, but has a higher average colony expansion rate. Species 3 (dashed lines), which is inferior to species 2 but dominates species 1, invades at the midpoint of each panel. Invasion-induced resonance at the higher forcing frequency occurs only in (C). (D) to persist as the three species displace one another sequentially).
To further illustrate the results in Fig. 4 , we forced Eq. 1 at two frequencies, an annual cycle corresponding to seasonality, and a weaker, weekly cycle that might mimic the influence of small weather systems superimposed on the seasonal cycle. When an overdamped two-species system is invaded by an intransitive competitor, the three-species system does not deviate from the lower frequency driving oscillation, provided the overall rates of displacement are low (Fig. 5A, B) . But when displacement is frequent overall, invasion of the third competitor diverts the system so that it now follows closely the weaker, higher frequency driving oscillation that is closer in frequency to the system's natural frequency (Fig. 5C) ; the preexisting seasonal cycle is almost entirely obliterated (Fig. 5D) . The sequence of transfer functions corresponding to Fig. 5A-C shows that as displacement rates increase overall, the potential for amplification of environmental fluctuations becomes concentrated on an increasingly narrow range of increasingly high frequencies (Fig. 6) ; when the peaks of the transfer functions coincide with the frequency of a particular driving oscillation, resonance occurs and the driving oscillation is greatly amplified. Because significant resonance can only occur at high driving frequencies, the competitor invasion dampens, rather than amplifies, the annual driving oscillation (Fig. 5 ).
The other model parameters also influence whether resonance will occur for a given set of displacement rates. For example, the invader's colony expansion and abandonment rates must be not too different from one another (Fig. 7) ; otherwise, the invader's occupancy will either be always too high or always too low to allow the occupancies of all three species to resonate substantially.
Effects of interspecific differences in environmental forcing in hierarchical competitive systems
Even when competition is hierarchical rather than intransitive, interspecific differences in the pattern of environmental forcing can strongly influence the consequences of the invasion of a dominant competitor. For example, Fig. 8 illustrates three cases in which the competitive hierarchy (species 3 Ͼ species 1 Ͼ species 2) and the means of all model parameters are identical, but the patterns of forcing differ. When the invader is forced, but with a seasonal pattern that is offset from that of the dominant resident, prominent annual cycles in species 1 and 3 persist because the season in which the invader does poorly allows species 1 to recover, but species 2 is largely suppressed (Fig. 8A ). In contrast, if the invader experiences no direct seasonal forcing, it cycles at intermediate occupancies with species 2, and species 1 (which is more strongly displaced by the invader in this example) is suppressed (Fig. 8B) . species 2 attains the highest occupancy (Fig. 8C) ; although it is the poorest competitor, it has the highest colony expansion rate in this example. Importantly, an invader that is insensitive to direct environmental forcing can suppress the cycle if it strongly outcompetes the species whose dynamics are directly driven by environmental fluctuations (i.e., species 1 in this example; Fig. 8B, C) .
DISCUSSION
Our observation that visits by different generalist ant species to barrel cactus nectaries vary seasonally but with species-specific patterns led us to explore a general model of competition in an open system with periodic environmental forcing. The model provides three insights into how competition among ants in a seasonal environment may be operating, the potential consequences of the invasion of a novel competitor for the system's temporal dynamics, and the impact that antant competition in a seasonal environment might have on the functioning of the ant-cactus mutualism.
The first insight is that multiple kinds of environmental forcing are consistent with the observed temporal displacement of competitors (cf. Figs. 1-4) ; hence the seasonal patterns alone do not reveal the underlying causal processes. Despite the similar temporal patterns these mechanisms can produce, they have very different implications for how spatial variation in the composition of the ant community would affect the mutualism (as is true of indirect effects in general [Wootton 1994] ). For example, when an ant's fluctuations are driven indirectly by competition, the (constant) protection services it would provide to cacti at sites where it is isolated from the competitor may be substantially different than at sites where the two ants co-occur, which in turn may depend on whether peaks or troughs in its occupancy pattern coincide with periods when protection is particularly valuable to the individual plant (e.g., the flowering or fruiting season). A poorer competitor might even show completely different times of year at which it provides the most benefit in the absence or presence of competing ants (cf. Fig. 3A vs. D). We are only beginning to examine spatial variation in the composition of the cactus-tending ant community in the Sonoran Desert, and to devise methods to isolate individual ant species to see if their seasonal oscillations are driven directly or indirectly. Our understanding of how the benefit to cacti of ant protection may vary seasonally and interannually (e.g., due to year-to-year variation in natural enemy abundance) is similarly limited at this time.
The second insight from our model is that the invasion of the new competitor into our study sites could in principle alter the time scale over which ant populations fluctuate, should environmental forcing occur at multiple frequencies simultaneously (Fig. 5C ). However, the conditions for such ''invasion-induced resonance'' are rather stringent. The three species must form an intransitive competitive network, the rates of displacement must be high overall, and other model parameters may impose additional constraints (Fig. 7) . We have not yet measured the relative competitive abilities of the three most common ant visitors to barrel cactus nectaries. However, we suspect that competitive dominance of both resident ants by the invader, Solenopsis xyloni, is more likely than a rock-paper-scissors competitive network. S. xyloni is the most aggressive of the three species (at least as measured by its ability to remove herbivores quickly; Ness et al. 2006) , and it rapidly achieved the highest peak occupancy of any ant species after invading the GR site (Fig. 1) . We also have not seen the consistent pattern of successive species replacements that an intransitive network would predict. In addition, transitions among occupancy states of individual cacti in our survey occur on a relatively long time scale (on the order of weeks or months). In contrast, a displacement rate of 0.4 with a time unit of 1 day, as in Fig. 5A , would imply an average waiting time before displacement of only 2.5 days. These features are consistent with the observation that the period of oscillation in ant occupancies (Ն1 year) is not appreciably different at the site where S. xyloni invaded in 2003 than it is at the other two sites (Fig. 1) . (However, an alternative explanation is that there is no environmental variability at or near the resonant frequency of the three-species system.) Although it may not be relevant for the ant-cactus system, we find invasion-induced resonance to be an intriguing mechanism by which an invader could radically alter the pattern of temporal fluctuations in a community of competitors. As far as we know, this potential consequence of a biological invasion has not been noted previously. The conditions for it to occur in competitive communities of four or more species are likely to be different than the conditions we have uncovered here.
The final insight from our model is the degree to which seasonality can influence the functioning of multispecies, facultative mutualisms. In particular, the combination of responses of all competing species to seasonal fluctuations can determine which mutualist interacts most often with a focal partner, both on average across the year and during particular seasons when the benefits (or costs) of mutualism may be especially high (Fig. 8) . If the competing species vary in quality as mutualists, the pattern of seasonal responses will likely influence the total benefits received by the focal partner. In the ant-cactus system, it is interesting to note that the two Solenopsis species attain their highest occupancies in summer and autumn (Fig. 1) , the period when F. wislizeni flowers and matures fruits. As we noted above, individual plants tended predominantly by the Solenopsis species during this period set relatively more fruit than did plants tended primarily by C. opuntiae (Ness et al. 2006 ). We do not yet know if these ants differ in the benefits (if any) they provide to barrel cacti in winter/spring, the period when C. opuntiae usually attains its highest occupancy; provision of nectar by barrel cacti may even be more costly than beneficial during this period. But clearly, understanding the factors that generate seasonal variation in ant occupancies is likely to be a key component in understanding the overall benefit that barrel cacti obtain from their ant attendants. By incorporating into the model estimates of the benefits that each ant species provides to cacti at different times of year, we could quantify the consequences of ant competition and seasonal variation in ant tending for barrel cactus individuals and populations. In this way, we can continue to use empiricism and theory to reinforce one another.
